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The influence of monocarboxylic acids (formic, acetic and 
butyric) on the half-wave potential of metal ions (lead, cadmium, 
copper(II) and thallium(!)) in the monocarboxyla te buffer was 
established. Since this influence is opposite to that of complex 
formation, it is necessary to investigate the monocarboxylate com
plexes in buffers with a constant acid concentration rather than in 
buffers with a constant salt-acid r atio. The positive shift of the 
half-wave potential with the increase of the monocarboxylic acid 
concentration in the buffer is caused by the change of the liquid 
junction potential, by the change of the activity coefficient of the 
ion and by the change of the viscosity of the solution. 

The polarographic determinatiion of the stability constant of a complex 
is based on the measurement of the change of the half-wave potential (E1/ 2) 

and the diffusion current (ia) of the metal ion in the presence of the complex 
forming agent.1 By complex formation the half-wave potential ·Of the metal 
ion is shifted towards more negative values. For cases where 'in the solution 
an equilibrium is obtained between complexes with a different number of 
ligands, DeFord a'l1Jd Hume2 have established the following relation between 
the half-wave potential and the cumulative stability constant (Bj) of the 
complexes in equiltbrium: 

or: 

~ Bj [LP = antilog { 16.95 n [ (E112) 8 - (E112)c] + log ~} 
0 ~ 

where (E112)8 is the half-wave potential of the free metal ion, (E112)c that of 
the complex ion, 18 aiilld I 0 are the analogous diffusion current constants, [L] is 
the concentration ·of the hgand, j is the number of ligands bonded to the 
central metal ion and Bi is the cumulative stability constant of the complex. 
Since the ex:pression o:n the left side of the equation is a function of the 
concentration, i.e.: 

j 

~ Bi [L]3 = 1 + Bi [L] + B2 [L]2 + ... + Bj [L]3 = F([L]), 
0 

the consecutive stability constant can be obtained graphically by plotting the 
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£unkotion F([L]) against ligand concentration and by extrapolating to zero 
ligand concentration. 

Therefore, the determiination of the stability constant of a complex by the 
polarographic method consists in the determination of the half-wave potentials 
and the diffusion currents of the free and complex metal ion. The principal 
condition for such measurements is the »polarngraphic« reversibi1lity of the 
electrode process.1 The half-wave potential of the free metal ion can be 
determined ex-per~mentally either by direct measurements in an indifferent 
electrolyte of the same ionic strength but withou.t the l~gand, or, if it is 
possible, graphically by extrapolation to zero ligand concentration. The same 
applies to the diffusion current or diffusion ourrent constant. Besides, it is 
possible to calculate the half-wave ,potenti.al of the free ion from the standard 
potential ·of the metal, its solubility in mercury and its affinity for mercury, 
as wa.s shown by J. J . Lingane and M. v·on Stackelberg.1 

In the solution of the metal ion, which contains the monocanboxylate ion 
as ligand (formate, acetate, propionate and butyrate), an equilibrium exists 
between a series of monocariboxylato complexes, as was found by different 
methods. E. A. Burns and D. M. Hume3 have investigated the lead acetato 
complexes by the ,polarngraphic method, the potentiometric method and the 
solubility method, using a constant ionic strength 2 and a constant, relatively 
high, concentration of acetic acid of 2 M in the acetate buffer. Under the same 
conditions I. Filipovic et ai. 1- 6 have investi.gated by the polarographic method 
the for.mato, acetato, prnpionato and bu.tyrato complexes of lead, cadmium, 
copper and ·zinc. H . M. Hershenson et al.1 have investigated by the polaro
graphic method the formato complexes of cadmium, copper, lead, thalli1Um 
and zinc, using constant ionic strength 2, but with .a constant formic acid 
concentration of only 0.01 M in the buffer. Besides, these authors have 
decreased the diffusion potential to a minimum 1by application of a quin
hydrone reference electrode. D. Cozzi and S. Vivarelly8 have stUJdied the 
polarog;raiphic characteristics of indium in an acetate buffer .of constant pH 
4.64. H. Matsuda, Y. Ayabe and K. Adachi9 have also determ~ned the stability 
constants of the zinc acetato complexes by polarQgraphic investigations in 
acetate buffers Qf constant pH 6.0. 

E. A. Burns and D. N. Hume3 have investigated the influence of the acetic 
acid concentration in the acetate buffer Qn the half-wave potential of lead 
and have found that with an increase of the acid concentration it is shifted to 
more positive values. The authors have ascribed this phenomenon to the 
hydroly1sis .of the leaid acetato complexes at lower acetic acid coocentrations, 
in spite of the fact that thi·s phenomenon was much more pronounced in 
buffer solutions of a high acetic acid concentration. Our investigations have 
shown that the same phenomenon occurs in all other mooocarboxylic buffers 
and with all other invesbgated metal ions (copper, cadmium and zinc). 

For this reason a systematic polarographic study of metal ions in mono
car.boxylate buffer solutions of a constant aci:d~salt ratio was carried out, 
as well as in buffer solutions of a constant acid concentration. 

EXPERIMENTAL AND RESULTS 

The measurements have been performed with a polarographic apparatus 
described in previous papers4-6. The same applies to the half-wave potential and 
diffusion current determination, as well as to the preparation of solutions. By the 
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addition of sodium perchlorate the ionic strength of the solutions was kept at a 
constant value 2. The ligand concentration was calculated from the concentration 
of the monocarboxylate and monocarboxylic acid, using the dissociation constant of 
the acid. The electrode processes of the inve.stigated ions (cadmium, lead and copper) 
in monocarboxylic buffers were reveTsible, i.e. the ratio L1 Ed.e. IL:f log [(id-i) /i] was 
about 30 mV. The relative coefficients of viscosity (against water) were determined 
by means of an Ostwald viscosimeter.10 

Buffers of Constant Acid-Salt Ratio 

The .results for some metal ions in a number of monocarboxylic buffers 

of constant acid-salt ratio (5 : 1, 10 : 1, 50 : 1, 100 : 1 and 200 : 1) are given 

graphically in Fig.s. 1-3. The ·ionic strength of the buffers was kept at the 

constant value 2. All ions investigated (lead, cadmium and copper) gave 

analogous results in all monocarboxylic buffers used (formate, acetate and 

butyrate) . As can be seen from Fig. 1, only in the buffer 5 : 1 the half-wave 
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Fig. 1 Half-wave potential of cadmium versus formate conccntratiQil. in buffers of acid-salt 
ratio: 5 : 1, 10 : 1, 50 : 1, 100 : 1, 200 : 1. 

potential of cadmium is shifted to more negative values with the increase 

of the formate conce.ntrat~on, as corresponds to the formation of complexes. 

In buffers of a higher formic acid concentration, in spite .of the increase in 

ligand ooncentrabon and an appproximately constant pH, the half-wave is 

shifted to more positive values in proportion to the acid concentration in the 

buffer. The same is true for the acetic and butyric add, as can be seen 

from F iigs. 2 and 3. Lead and copper give analogous results as can be seen 

from Fig.s. 4 and 5 for formic acid and acetic acid respectively. Consequently 

the shift of the half-wave potential of cadmium (lead and copper) to more 

positive values w ith increasing acid concentration ~s not caused by the 

inhibition of the formation of mixed hydroxo complexes, because the shift 

is •particularly pronounced in very acid buffers. In .such buffers the hydro

ly:si·s of the metal monocarboxylato complexes <loes not occur at all. It is 

obvious that the mOIIlocarboxylic acid alone is respo;nsilble for the positive 

shift of the half-wave potential and the higher its concentration in the 

buffer, the greater its influence. 
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Fig. 2 Half-wave potenti al of cadmium versus acetate concentration in buffers of acid-salt ratio: 5 : 1, 10 : 1, 50 : 1, 100 : 1 and 200 : 1 
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Fig. 3 Half-wave potential of cadmium versus butyra te concentration in buffers of acid-salt ratio : 5 : 1, 10 : 1, 50 : 1 and 100 : 1. 
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Fig, 4 Half-wave potential of lead versus formate concentra tion in buffers of acid-salt 
ratio: 5 : 1, 10 : 1, 50 : 1, 100 : 1 and 200 : 1. 
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Fig. 5 Half-wave potential of copper versus acetate concentration in buffers of acid-salt 
ratio: 5 : 1, 10 : 1, 50 : l, 100 : 1 and 200 : 1. 

Buffers of a Constant Acid Concentr:ition 
Buffer solutions of a constant monocarboxylic acid concentration have 

been investigated polarographically in the concentration range of the acid 
from 0.1 to 2 M. Graphs in Figs. 6-8 show the results for cadmium in 
formate, acetate and buty.rate buffers with a concentration of the acid 0.1, 
0.5, and 2 M. The curves representing the dependence of the half-wave po
tential on the monooa11boxylate concentration have in general the same 
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course for all three concentrations of the acid, i.e. the curves are almost 
parallel, especially those for an acid concentration of 0.1 M and 0.5 M. The 
ions of copper and lead give analogous g11aphs, as cam be seen on F iig. 9 for 
copper in the formate buffer. 
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Fig. 6 Haf-wave potential of cadmium versus formate concentration in buffers of constant 
acid concentration: 0.1, 0.5 and 2 M . 

Evi 
volts 

-0.62 

•0.60 

·O.SB 

-0.56 

Cadmium 

O.IM Acetic acid 

O.SH Acetic acid 

2H Acetic acid 

JM 

-o.s
2 

';;-o ~--:-o. ;:--~o~,--'--=o.':-6 -'---'oa=--'-.L1.o--'-,.'-2-'---',.,-'-.L,.6-,...J 

Acetate Motif 

Fig. 7 Half-wave potential of cadmium versus a.cetate concentration in buffers with constant 
acid concentra tion: 0.1, 0.5 and 2 M . 

The approximate .parallelism ·of he curves representing the relation of 
half-wave potential and m onocarboxylate concentration, points to the con
clusion that .the concentration of the monocarboxyhc acid (in the interval 
from 0.1 to 2 M) has no bearing on the determination of the composition 
and the stability constants of the monocarboxylato complexes, the difference 
of the half-wave potential of the free (solvated) amid the coplexly hound ion 
being the determinating factor. However, if the half-wave potentials of the 
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free metal ions are determined by extrapolation to zero monocarboxylate 

concentration and the ratio of the difference of the half-wave potentials 

(Li E112) and the concentration of the monocarboxylate is represented graphi

cally, identical curves for all three acid concentrations are obtained only 
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Fig. 8 Half-wave potential of c-rtmium versus butyrate concentration in buffers with constant 
acid concentration: 0.1 , 0.5 and 2 M. 
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Fig. 9 Half-wave potential of copper versus formate concentration in buffers of constant 
acid concentr.ation: 0.1 , 0.5 and 2 M . 

with formates. This can be seen in Fig. 10 for cadmium. In Fig. 11 curves for 

acetates show the deviation occurring when the concentration of the acid 

is 2 M. In the case o.f ,the butyrate buffer the curves differ in .shape, as can 

be seen in Fig. 12. Generally it can be said that the steepness of the curve is 

increasing with the increase :of the monocal'boxylic acid concentration in the 

buffer. This increase is insignificant for formates, but is becoming more pro-
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Fig. 10 Half-wave potential difference between the free and complex cadmium ion versus cencentration of formate in buffers of constant acid concentration: 0.1, 0.5 and 2 M . 
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Fig. 11 Half-wave potential difference b etween the free and complex cadmium ion versus concentration of acetate in buffers of constant acid concentration: 0.1, 0.5 and 2 M. 
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Fig. 12 Half-wave potential difference between the free and complex cadmium ion versus concentration of butyrate in buffers of constant acid concentration : 0.1 , 0.5 and 2 M . 



POLAROGRAPHIC INVESTIGATIONS 189 

nounced from acetates to butyrates. It mu.st be stressed, however, that a 
greater steepness of the ourve for higher acid concentrations is another prnof 
for the conclusion that no hydr.olysis ,of the monocarboxylate complexes 
occurs in lower acid concentrations, because if it was the effect would be 
exactly the opposite. 

DISCUSSION 

The change of the half-wave potential of a certain m etal ion can be caused 
by various factors1• From the Heyrovsky-Ukovic equation for the half-wave 
potential of a metal ion which is soluble in mercury and taking account of the 
liquid junction potentia'l (Ei): 

0.059 fi 0.059 ( Da ) '" 
Eih= Ea•+ Ej + ~ log -f + - n- log D 

a I 

(1) 

it can be seen that when the amalgam fol'med at the dropping electrode is 
very dilute (fa = 1), and when foe diffusion coefficient of the metal atom in 
the amalgam is coostaint (Da = const.), the half-wave potential depends on 
the liquid junction potential ,of the cell, the activity coefficient of the metal 
ion and the diffusion coefficient of the m etal ion: 

0.059 0.059 
E1; 2 '= const. + E/ + - n- log fi - -:;:;,--- log Di112 (2) 

According to the Stokes-Einstein diffusion equation\ the diffusion coefficient 
depends ,on the viscosity coefficient (11) of the medium, if the radius of the 
partkle is not changed ([L] = const.), i.e. D = coost./11. Consequently: 

0.059 
E1; 2 """ const. + E/ + - n-· log 11112 (3) 

if in E/ the influence of E.i and f i is included. Therefore the shift of the 
half-wave potential due to the change of the visco,sity coefficient of the 
solution is: 

0.059 
IS E1h = -n-~ Slog 11'" (4) 

Influence of the Change in the Viscosity of the Monocarboxylate Buffer 
From equation (4) it appears that by increasing the viscosity ·of the buffer 

solution, the haif-wave potential 1s shifted to more positive values. Changes of 
the half-wave potential (IS E112) of Cd+2, Pb+2, Cu+2, caused by the change of 
the viscosity coefficient, have been calculated for some buffer solutions in 
which a constant ionic strength 2 was maintain ed by addition of NaC104 • 

The values are given in Table I. 
As can be seen, the influence is somewhat m ore pronunced in butyrate 

buffers. For the rest of the buffers the changes are within limits of the expe
rimental error. Naturally, for an univalent ion such as Tl+, the value of 
!S E1; 2 is twice as large and the influence of the cha1I1ge of the viscosity of the 
solution is considerable, especially in butyrate buffers. 



190 

- ·-· 

I 
I 
r 

HL NaL I 
M M I 

I I 
I 

0.1 0 
2 0 

0.1 0.1 
2 0.1 

0.1 1 
2 1 

I . FILIPOVIC AND I. PILJ AC 

TABLE I 

Formate Acetate 

I I 
'I'} 

j. Ei,2 
'I'} 

L\ E1 12 
mV mV 

-

1..153 0.1 1.154 1.0 1.172 1.350 

1.146 
0.1 1.175 1.0 1.167 1.372 

1.203 
0.1 

I 
1.353 1..2 1.222 1.628 

Butyrate 

1.20;) 
1.7B 

1.290 
1.792 

1.651 
2.450 

2.2 

2.1 

2.5 

Influence of the Liquid Junction Potential and the Solvent 

It is kDJown that a very Mgh liqu1d junction potential is obtained at the 
boundary of a solution illl water with a solution in an organic or mixed 
solvent.11 The same case arises in polarographic investigahons of metal mono
carboxylato complexes. Namely, of the two half-cells, one is the calomel 
electrode with a saturated sodium chloride solution, and the other contains 
the metal ion in the monocarboxylate buffer with a definite amount of organic 
solvent, i.e. monocarboxylic add: 

c. E. NaCl (sat.) M(Cl04L (5 X l0-4M) 
NaL 
HL 
NaC104 

dropping 
mercury 
electrode 

Accordingly, the positive shift of the half-wave potential with the increase 
of the monoca11boxylic iacid is caused primarily by the liqu1d junction potential, 
which is a function of the monocarboxylic acid concentrahon in the buffer. 
This is evident also from the measurements of half-wave potential of thal
lium(!) in formate and acetate buffers with a constant concentration of formic 
and acetic acid (Figs. 13 and 14). As the ion of thalliurm(I) does not form 
detectable complexes in acid soluhons7•12, from the m easurements of its half
-wave potential, E/ can be determined as a function of the concentration of 
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Fig. 13 Half-wave potential of thallium (I) versus formate concentration in buffers with 
constant acid concentration: 0.01, 0.1, 0.5 and 2 M. 
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Fig. 14 Half-wave potential of thallium (I) versus acetate concentration in buffers with 
constant acid . concentration: o.~1, 0.1, 0.5 and 2 M. 

monocanboxylic add. In Fig. 15 and 16 such measurements are represented for 
formate and acetate buffers. The half-wave potential incre?.ses towards po
sitive values a1most linearly wrth the molarity of the rnonocarhoxylic acid 
in the ra:nge between 0.1 to 2 moles. 

However, from F.igs. 13 to 16 it a;ppears that ·the half-wave potenbal of 
thaHiUiJ:n(I) is shifted to more positive values not only with increasing concen
tration ,of the monocarboxylic ac1d but also with an icrease of the ligand in the 
buffer. The same effect exists presumably also in solutions of the other 
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Fig. 15 Half-wave potential of thallium (I) versus formic acid concentration in buffers with 
constant formate concentration: 0.01, 1 and 1.5 M. 

Fjg_ 16 Half-wave potential of thallium (I) versus a cetic acid concentration in buffers with 
constant acetate concentration: 0.01, 1 and 1.5 M. 

ions investigated (Cd+2 , P.b+2, Cu+2), but cannot be detected because of the 
negative shift caused 1by complex formaition . Evidently, a variation of .the 
liqui!d junction potential with the concentmt~on of .the ligand occurs, since 
the ligand is not a minor constituent of •the ionic medium any mo.re.11 Besi:des, 
specific influences on the activity coefficients exist, in spite od' the ionic 
strength being kept constant. These specific influences are caused :rmt •only 
by the change of the composition of the ionic medium (ionic interactions),13 but 
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also by a change Qf the composition of the solvent (1on-solvent interaction).14 

T. J. Lane, J . W. Thompson and J . A. Ry.an15 have found, for instance, a 
posiHve shift of the half-wave potential of Cd+2 in a mixed .solvent containing 
500/o of ethanol and 500/o of diJoxane. 

Therefore, since the ·influence of the monocarboxylic acid on the half-wave 
potemial of the metal ion is opposit e (shif.t to more positive values) t o the 
influence ·Of the complex :£o11mat1orn (shift to more n egative values), the polaro
graphic iinvesHgatiops of metal monocarboxylato complexes can :be carried out 
only in buffers of constant monocarboxylic .acid concentration. The half-wave 
potential of the »free« metal iion can be determined under such conditions 
only by extrapolaiticm to zero li.gaai:d concentrartion, because of the influence 
of the monocarboxylic add. As a result the liquid junction potential cancels 
out in calculations when taking differences of half-wave potentials. Other 
specific influences of the m edium remain, however , which are caused by 
the .presence of the monocarboxylic acid in the buffer and a high concentration 
of the ligand. This is a r eas on for an uncertainty in the d etermination of the 
stabilit y constall!ts. Besides, ·the h igher t he con centrntion of the monocarbo
xylic acid in the buffer (a higher concentration being mecessary for ions which 
hyd:wlize), the m ore uncertain the ext ra.polation of the half~wave potential. 
Th1s 1s especially true for ions forming more sfable complexes, e. g. indium. 
A :llurther difficulty arises in the case of irreversible electrode processes at low 
~onocarboxylate concenitraitiions, e. g. with zinc. For all these r ea:sons investi
gaHons were undentaken to find the best conditions for the application of 
the polarographic method in the d etermination of staibility constants of the 
monocar.boxylato complexes. 
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IZVOD 

Polarografska istrazivanja monokarboksilato-kompleksa nekih metala. IV. 
Utjecaj monokarboksilne kiseline na poluvalni potencijal metalnog iona 

I. Fiiipovic i I. Piljac 

Ustanovljen je utjecaj monokarboksilne kiseline (mravlje, octene i butirne) na 
poluvalni potencijal metalnog iona u monokarboksilatnom puferu. Kako je taj utj e
caj upravo suprotan onom zbog kompleksnog vezanja, potrebno je istrazivati mono
karboksilato-komplekse u puferima s konstantnom koncentracijom kiseline, a ne 
u puferima konstantnog odnosa soli i kiseline. Pomicanje poluvalnog potencijala 
prema pozitivnijim vrijednostima s porastom koncentracije monokarboksilne kise
line u puferu uzrokovano je promjenom difuzionog potencijala, koeficijenta akti
viteta iona kao i promjenom viskoziteta otopine. 
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